INTRODUCTION
Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), has developed many strategies to manipulate the host immune response (Lerner et al., 2015 , Liu et al., 2017 . The successful establishment of the infection depends on the early interactions between pathogen and host innate immune cells, especially macrophages (Sia et al., 2015) . Macrophages play a central role in TB pathogenesis and are the principal niche for intracellular growth of Mtb or closely related mycobacterial pathogens, including Mycobacterium marinum (Mmar), which causes TB in coldblooded animals (McClean et al, 2016) .
Granulomas, considered as the pathological hallmark of TB, are inflammatory cell structures, rich in macrophages. Granuloma formation starts with aggregation of mycobacterium-infected macrophages and subsequent recruitment of uninfected macrophages. These early stages of granuloma formation favor spreading of bacteria from cell to cell and are dependent on the bacterial RD1 (ESX1) virulence locus (Ramakrishnan, 2012) . At later stages, T-cells and other immune cells are attracted, which are essential to contain the infection. Therefore, granulomas have a dual role, on the one hand serving a host-protective function, but on the other hand enabling dissemination and long-term survival of the pathogen inside its host. Because the failure of one granuloma to control infection can already be sufficient to initiate disease progression (Cadena et al., 2017) , a better understanding of granuloma function is of crucial importance. Many studies have shown that the local balance of pro-and antiinflammatory responses is critical for determining the fate of individual granulomas and the final disease outcome (Mayer-Barber et al., 2010; Marakalala et al., 2016) . However, the molecular mechanisms that drive inflammation in the granuloma remain to be elucidated.
The inflammasomes are multiprotein signaling platforms that allow the activation of inflammatory caspases (caspase-1, -4, -5, -11) in response to infections and endogenous danger signals (Martinon et al., 2002; Latz et al., 2013; Broz and Dixit, 2016; Russo et al., 2018) . Activation of cytosolic pattern recognition receptors that are contained within canonical inflammasomes promotes activation of caspase-1 (CASP1) and interleukin-1β (IL1β) maturation (Afonina et al., 2015) . In contrast, the noncanonical inflammasome is dependent on murine Caspase-11 (CASP11) or human Caspase-4/5 (CASP4/5) (Kayagaki et al., 2011) . In response to several Gram-negative pathogens, CASP11 mediates mouse macrophage death via direct interaction with LPS (Shi et al., 2014; Yang et al., 2015) . Both inflammasome types activate gasdermin D (GSDMD), which is the executioner of pyroptotic cell death by forming pores in cell membranes (Kayagaki et al., 2015; Shi et al., 2015) . Due to the recognition of its necrotic nature, pyroptosis has recently been redefined as gasdermin-mediated programmed necrotic cell death (Shi et al., 2017) .
Despite the known occurrence of necrotic cell death within TB granulomas (Grosset, J., 2003) , the role of pyroptosis in granuloma formation and expansion remains unexplored. The well-established zebrafish TB model has been a very useful tool in the study of the disease as it recapitulates many aspects of human tuberculous granulomas (Davis et al., 2002; Ramakrishnan, 2012; Cronan et al., 2016; Meijer, 2016) . Studies in zebrafish have shown that granuloma expansion is driven by cell death and subsequent efferocytosis of infected macrophages and that uncontrolled extracellular proliferation of mycobacteria occurs under experimental conditions that promote necrotic rather than apoptotic forms of macrophage cell death (Davis and Ramakrishnan, 2009; Roca et al., 2013; Pagan et al., 2015) . New tools recently developed for the study of inflammasomes (Kuri et al., 2017) make zebrafish a suitable model for in vivo visualization of inflammasomes activation and investigation of the role of pyroptosis in granuloma formation.
Here, we report that different inflammasome pathways are activated in infected macrophages during mycobacterial infection. While a pathway dependent on the adaptor protein ASC promotes resistance of the zebrafish host to TB infection, we find that a CASP11 homologous pathway promotes pyroptotic cell death of infected macrophages and exacerbates infection. Using Raw264.7 macrophages, we subsequently showed that extracellular bacterial DNA triggers CASP11 activation and GSDMD-dependent pyroptosis, revealing a novel link between nucleic acid sensing and non-canonical inflammasome activation. Finally, we identified the formation of cell-incell structures within developing granulomas and demonstrated that Mmar) is able to escape cell-in-cell structures by triggering pyroptosis, thereby initiating in this way its dissemination and promoting disease progression.
RESULTS

Asc and Il1b are host-beneficial during Mmar infection in zebrafish
The interleukin 1 signaling pathway is known to be critical for immunity against tuberculosis (Mayer-Barber et al., 2010; Bohrer et al., 2018; Cohen et al., 2018) . To evaluate the role of this pro-inflammatory cytokine in the zebrafish TB model, we transiently knocked-down il1b in zebrafish larvae. After 2 days of infection, an increased bacterial burden in knockdown fish was observed (Figure 1A and S1A ), suggesting that Il1b is host-protective during Mmar infection in this model. In macrophages, maturation and secretion of IL1β occur after activation of inflammasomes (Latz et al., 2013) . For signaling, most of the known inflammasomes require an adaptor molecule, ASC (reviewed in Palazón-Riquelme and Castejón, 2018) . Knockdown (KD) of asc increased Mmar burden in zebrafish larvae (Figure 1B and S1B) . We next investigated ASC oligomerization, considered a hallmark of inflammasome activation. Formation of ASC specks can be visualized just before pyroptosis occurs (Miao et al., 2011) . In vivo imaging of zebrafish granulomas showed macrophage pyroptosis occurring after the formation of Asc specks ( Figure 1C) . Typically, only one speck per granuloma was observed at a time ( Figure S1C) . In contrast, Asc speck-independent cell death was more often observed in granulomas ( Figure S1D ). After pyroptosis, as Kuri et al. (2017) showed before, Asc specks can be engulfed and degraded by neighboring macrophages (Figure 1D and 1SE ; Movie 1).
Two inflammasome signaling axes are differentially regulated upon Mmar infection
Next, we decided to investigate the role of inflammatory caspases, such as CASP1/4/5/11, indispensable in ASC-dependent and -independent inflammasome signaling pathways . Because zebrafish Caspa and Caspb have been traditionally considered CASP1 functional homologues as they can process IL1β in vitro (Vojtech et al., 2012) , we determined the effect of caspa and caspb transient KD in Mmar infected zebrafish. Surprisingly, Caspa and Caspb deficiency resulted in opposite bacterial burden outcomes, with caspa KD reducing infection and caspb KD increasing infection (Figure 2A, 2B, S2A, S2B and S2C) . Moreover, we found that the double KD of caspa with caspb or with asc resulted in the same reduced infection phenotype as single KD of caspa (Figure 2C and S2D ). In addition, double KD of caspb with asc had no additive effects in terms of bacterial growth, suggesting that both genes are in the same pathway (Figure S2D) . At a cellular level, we observed that while caspb KD increased Mmar extracellular growth, caspa KD was sufficient for restricting the infection (Figure 2D) .
proteins with GSDM domain can be identified, Gsdmea and Gsdmeb. In silico predictions show that Gsdmeb has a CASP1 cleavage site, which is also the case for GSDMD ( Figure S2E ). Because of this similarity, we knocked-down gsdmeb in zebrafish larvae (Figure S2F and S2G) . The lack of Gsdmeb resulted in decreased Mmar burden 2 days after infection. In addition, the combination of gsdmeb KD with caspa deficiency had no additive effects (Figure S2H) .
Taken together, the results above suggest the involvement of at least two inflammasome pathways during the course of Mmar infection, namely a host-protective Asc-Caspb-Il1β axis and a host-detrimental Caspa-Gsdmeb axis (Figure 2E) . This observed duality prompted us to further investigate the functional homology of the zebrafish inflammatory caspases and their murine counterparts. For this, overexpression of zebrafish caspa and caspb, and murine Casp1 and Casp11 mRNAs in caspa -/zebrafish was performed ( Figure 2F) . In terms of bacterial burden, only zebrafish caspa and murine Casp11 mRNAs were able to fully rescue the caspa mutant phenotype, demonstrating that Casp11 can compensate for the loss-of-function of Caspa and suggesting that in the context of Mmar infection the host-detrimental Caspa-Gsdmeb axis in zebrafish is equivalent to the mammalian Casp11-Gsdmd pathway.
Mmar triggers ASC-independent cell death after phagosomal membrane rupture
To fully understand the dynamics of inflammasome activation in zebrafish, we explored the formation of ASC specks in the granuloma in combination with in situ caspase activity detection, using a fluorescently labeled inhibitory substrate (Flica YVAD) specific for zebrafish Caspa (Masumoto et al., 2003) . As observed earlier, Asc specks appeared in close contact with bacterial clusters (Figure 3A) . In situ staining revealed that active Caspa was abundant in granulomas, visible either in small specks or in patchy patterns around Mmar ( Figure 3A , S3A and S3B). We found that Caspa activation occurred in Asc specks and, in an Asc-independent manner, in both Caspa specks and patches (Figure 3B and S3C) . We next assessed whether ASC is required for induction of macrophage pyroptosis in vitro after Mmar infection ( Figure 3C) . Using ASC-deficient Raw264.7 macrophages (Pelegrin et al., 2008) we observed pyroptosis occurring 16 minutes after bacterial phagosome rupture (Figure 3D , Movie 2). To confirm the role of phagosomal rupture in the induction of pyroptosis we used mutant Mmar lacking the RD1 virulence locus. We found that Mmar ΔRD1 could not induce pyroptosis in Raw264.7 macrophages (Figure 3E) . To further demonstrate the importance of phagosomal membrane rupture in the dissemination of infection we compared bacterial burdens in zebrafish after infection with Mmar ΔRD1 in caspa KD conditions ( Figure 3F ). We found that Caspa deficiency had no effect on bacterial burden when bacteria were not able to escape the phagosome, suggesting that phagosomal membrane permeabilization is required for Caspa activation and ensuing pyroptotic cell death.
Mmar infection triggers Caspase-11 and Gasdermin D-dependent pyroptosis
A previous report showed that CASP1 was not required for Mtb-induced cell death in primary mice macrophages (Lee et al., 2011) . Because our zebrafish data implicated CASP11 in the dissemination of Mmar infection, we asked whether or not pyroptosis is CASP11 dependent in murine macrophages. CASP11 cleavage was detected in the supernatant of Raw264.7 macrophages infected with WT Mmar (Figure 4A, S4A) . In contrast, CASP11 was not processed upon Mmar ΔRD1 infection. In agreement, infection with WT Mmar led to high levels of LDH release, while the lack of LDH release after infection with Mmar ΔRD1 indicated that cell death was not induced (Figure 4B) . Additionally, knockdown of Casp11 and Gsdmd in Raw264.7 macrophages diminished Mmar-induced cell death (Figure 4C, S4B) . Having demonstrated the importance of CASP11 and GSDMD-dependent cell death in vitro, we next investigated its role in vivo. Numbers of TUNEL-positive cells were reduced following caspa and gsdmeb KD in Mmar-infected zebrafish (Figure 4D and 4E) . In conclusion, both in vitro and in vivo data support the requirement of CASP11/Caspa and GSDMD/Gsdmeb for Mmar-dependent pyroptotic cell death.
Mycobacterial extracellular DNA triggers Caspase-11 and Gasdermin Ddependent pyroptosis of infected cells
We next sought to identify the bacterial component that induces CASP11 cleavage and GSDMD-dependent pyroptosis of infected macrophages. Unexpectedly, while investigating cell death during infection in zebrafish, we frequently observed positive TUNEL staining other than cell nuclei around Mmar (Figure 5A) . To identify the source of this DNA we stained the bacterial culture with the DNA dye Draq5 prior to the infection of Raw264.7 macrophages ( Figure 5B ). During infection, we observed Draq5-positive DNA around Mmar while the cell nuclei remained negative, indicating the bacterial origin of this DNA. To explore the possible involvement of such extracellular bacterial DNA in pyroptosis induction, we simulated this situation by coating Mmar with ultrapure E. coli (Ec) genomic DNA (gDNA) (Figure 5C ), endotoxin-free Mmar genomic DNA, CpG oligonucleotides (ODN2395), and Ec LPS as known CASP11 activator. We found that LPS and both Mmar and Ec genomic DNAs, but not ODN2395, were able to increase pyroptosis of Raw264.7 macrophages ( Figure  5D ). This effect was not observed during infection with Mmar ΔRD1, consistent with the inability of this strain to induce phagosome rupture ( Figure 5E ). Importantly, we found that cell death induced by extracellular bacterial DNA is CASP11 and GSDMDdependent ( Figure 5F ).
Granuloma formation and Mmar dissemination in vivo is related to the bacterial ability to trigger Caspase-a activation and block phagosome acidification
In vivo, proliferation of Mmar is related to its ability to escape from phagosomes and induce granuloma formation (Figure 6A and 6B) . The inability of Mmar ΔRD1 to form typical mycobacterial granulomas and trigger Caspa activation (Figure 6C) , suggests that Caspa activation is required for Mmar dissemination in vivo. Indeed, active Caspa was highly detected in granuloma cells (Figure 6D) .
In recent years, inflammasomes have been associated with phagosome acidification and maturation during infection (Sokolovska et al., 2013) . To investigate the possible implication of Caspa in the maturation of Mmar-containing phagosomes we analyzed in situ Caspa activation in relation to acidification of organelles using LysoTracker (LT) staining. We observed that some bacterial clusters within the granuloma are Flica+ve but LT-ve, which can be interpreted as Caspa activation preceding or preventing phagosome acidification (Figure 6E ). In line with this, we found that the lack of Caspa alters the acidification pattern of bacterial containing vesicles ( Figure 6F ). Acidic vesicles accumulated around Mmar but did not colocalize with bacteria in wildtype fish, however, in absence of Caspa, LT staining and Mmar fully colocalized ( Figure 6F) . These results suggest that the ability of Mmar to block phagosome maturation is dependent on the activation of Caspa in the infected host cell. Moreover, the investigation of Mmar-LT colocalization in granulomas revealed the presence of LT patterns concentrically surrounding Mmar clusters. Because such lysosomal ring patterns are a known cytological feature of entosis (Garanina et al., 2015) , this observation suggests the presence of cell-in-cell structures in mycobacterial granulomas (Figure 6G) .
Mmar elicits pyroptosis to escape cell-in-cell structures in granulomas
We next decided to investigate the role of cell-in-cell structures in the fate of the infection. The presence of cell-in-cell structures in granulomas is made visible using cytoplasmic ASC as cell marker that allows visualizing the entotic vacuole between inner and outer cells devoid of cytoplasmic material. While inner cells are always infected, this is not the case for the outer cell that engulfed the infected inner cells (Figure 7A and S5A) . We observed the formation of such multinucleated cell structures in vivo (Figure 7B and S5B) and in vitro during the course of Mmar infection (Figure S5C and movie 3) . Time-lapse analysis revealed cell-cell contacts occurring before cell invasion. Moreover, we observed how the outer cell transfers bacteria into an inner cell ( Figure S5C and movie 3) . Taken together, these results suggest an active role for the outer cell, most likely as a consequence of the cell-cell communication happening before engulfment. Several mechanisms have been described where the engulfment of whole live cells, leading to the formation of cell-in-cell structures, induces cell death (Krishna and Overholtzer, 2016) . In Mmar granulomas we observed engulfment of infected macrophages (Asc+ve, Mpeg1+ve) and their degradation inside outer cells, in this case, an epithelial cell in this case (Asc+ve, Mpeg1-ve) (Figure 7C) . Besides a role for cell engulfment mechanisms in killing inner cells, we observed the expulsion of infected inner cells in granulomas (Figure 7D and S5D; movie 4) . This regurgitation follows the initiation of the pyroptotic cell death program of the inner cell, which in some occasions resulted in pyroptotic dead of both the inner and outer cell (Figure 7E and S5E; movie 5). Importantly, pyroptosis of infected cells was host-detrimental as Mmar was subsequently able to proliferate and expand the extracellular infection foci ( Figure  S6A) . We observed that extracellular Mmar attracts new phagocytic cells to the area, which die via pyroptosis shortly after phagocytosis, thereby functioning as a mechanism for rapid expansion of the infection (Figure S6B; movie 6 ). Based on these results, we conclude that pyroptosis of internalized infected cells during entosis in granulomas favors Mmar survival and dissemination.
DISCUSSION
Inflammasome signaling is central to many anti-bacterial host responses. Specifically, CASP11 and its human othologues CASP4 and CASP5 are emerging as key regulators of this pathway, but their involvement in pathological inflammation during TB remains unexplored. Based on in vitro data in murine macrophages and in vivo data in zebrafish larvae, we propose CASP11/Caspa as a critical mediator of the dissemination of mycobacterial infection. We found that phagosome permeabilization is required for induction of CASP11/Caspa and GSDMD/Gsdmeb-dependent pyroptosis in response to bacterial eDNA. Furthermore, Mmar directs the activation of CASP11/Caspa-dependent pyroptosis to escape cell-in-cell structures in granulomas. Together, these findings unravel a mechanism exploited by the bacteria to survive and disseminate within the host.
In agreement with recent reports on macrophages in vitro (Evavold et al., 2018; Monteleone et al., 2018) , our data suggest that Il1b processing and pyroptosis might be uncoupled during Mmar infection in zebrafish. Deregulated production of IL1β worsens TB and therefore it needs to be tightly regulated in the course of the disease (Mayer-Barber et al., 2010; Mayer-Barber et al., 2011 , Boher et al., 2018 . In our model, IL1b processing seems to occur mainly downstream of an Asc-dependent inflammasome and the host-protective function of this pathway is supported by increased infection burden under both il1b and asc knockdown conditions. ASC aggregates are stable and can trigger prolonged inflammation even when they are released to the extracellular space (Baroja-Mazo et al., 2014; Franklin et al., 2014) . In this regard, the host might be able to regulate the number of specks forming to avoid an excessive and detrimental inflammatory response within the granuloma. Due to the highly inflammatory nature of TB in its active state (disseminated tuberculosis), a comparison with sepsis is of interest. Both Gsdmd −/− and Casp11 −/− mice survive after a challenge with lethal doses of LPS (Kayagaki et al., 2015; Shi et al., 2015) . In line with this, our data show that CASP11/Caspa and GSDMD/Gsdmeb activation is host-detrimental in vitro and in vivo during Mmar infection. It remains to be established if CASP11 and GSDMD have similar disease exacerbating roles during infection with Mtb.
We found that macrophage pyroptosis requires phagosome permeabilization which was directly related to the ability of Mmar to activate CASP11/Caspa as Mmar lacking the RD1 locus/ESX-1 system cannot activate CASP11/Caspa. ESX-1 is responsible for translocation of eDNA to the cytosol during mycobacterial infections (Stanley et al., 2007; Manzanillo et al., 2012) . We observed that genomic DNA from Mmar and Ec can activate pyroptosis in vitro in a CASP11-GSDMD-dependent manner in the same magnitude as LPS. CASP11 can bind directly to intracellular LPS, resulting in CASP11 processing and activation (Shi et al., 2014) , but whether a direct interaction between eDNA and CASP11/Caspa also exists will require further research. Recent studies reveal a novel function for guanylate-binding proteins (GBPs) in controlling the intracellular detection of LPS derived from extracellular bacteria in the form of outer membrane vesicles (Santos et al., 2017) . Moreover, in response to certain cytosolic bacteria, GBPs liberate microbial DNA for activation of the DNA-sensing AIM2 inflammasome (reviewed in . Intriguingly, the AIM2 inflammasome is an ASC-dependent inflammasome, indicating that CASP11 activation in ASC-deficient Raw264.7 macrophages upon Mmar infection must occur via a different pathway. Secretion of eDNA has recently been proposed as a pro-survival strategy in bacterial communities (Vorkapic et al., 2016) . The architecture of these communities depends on the production of an extracellular matrix, of which DNA is part (Flemming et al., 2016) . Interestingly, most of the known mechanisms of eDNA release are regulated by quorum sensing, and therefore eDNA is usually produced in response to an increase in the cell density of the population (Ibáñez de Alcoa et al., 2017) . In mycobacteria, stress and quorum sensing result in the formation of biofilm-like structures and persistent cells in necrotic areas (Basaraba, 2008) , suggesting that eDNA secretion is not only hostdetrimental because of its ability to induce pyroptosis of infected cells but also because it can facilitate extracellular proliferation of bacteria.
Notably, we identified cell-in-cell structures in Mmar granulomas. Cell-in-cell structures were described decades ago, but their biological significance is only just beginning to be unraveled. Within the last few years, several forms of cell-in-cell death have been described, among which entosis and cannibalism are of special interest in cancer research and tumor prognosis (Fais and Overholtzer, 2018) . The main difference between these two processes is the cell taking the lead during engulfment. During cell cannibalism the outer cell leads and engulfs inner cells, while during entosis, is the inner cell that pushes itself into the outer cell (Yang and Li, 2012) . Besides the differences, both processes end in lysosomal digestion of inner cells (Fais, 2007; Overholtzer et al., 2007) . Regulated by nutrient signaling pathways, entosis is induced under starvation conditions (Hamann et al., 2017) . In the context of Mmar infection, degradation of inner cells is visible within granulomas, but it remains to be explored whether this mechanism is involved in acquisition of cell nutrients or is primarily a measure of infection containment. One other infection study has previously reported on cell-in-cell structures, revealing that Epstein-Barr virus uses an in-cell infection mechanism to spread from infected B cells to epithelial cells (Ni et al., 2015) .
Granuloma macrophages can undergo multinucleated giant cell (MGC) formation or epithelioid transformation and epithelial cadherin (E-cadherin) has been proposed as a common link between these two differentiation pathways (Pagan et al., 2018) . Interestingly, entosis is induced by the expression of E-cadherin proteins (Sun et al., 2014) , pointing to the possible implication of entosis in forming MGCs in granulomas. In zebrafish, macrophage-specific disruption of E-cadherin function resulted in disordered granuloma formation, enhanced immune cell access, decreased bacterial burden, and increased host survival (Cronan et al., 2016) . This would suggest that the formation of cell-in-cell structures in granulomas, if dependent on E-cadherin, could be pathogen-protective. The fates of the innner cells and outer cells in cell-in-cell structures are diverse (Overholtzer and Brugge, 2008) . Our data demonstrate that pyroptosis is induced by virulent Mmar in inner cells to escape cell-in-cell structures in granulomas, thereby contributing to the expansion of granulomas and infection progression. How pyroptosis induction occurs in the context of cell-in-cell structures will be the focus of future research. If CASP11/Caspa is involved in delaying phagosome maturation, it may also be implicated in delaying lysosomal degradation of inner cells. In this regard, the inner cell could be considered like a big phagosome inside the outer cell (a matryoshka doll-like or nested structure) and the same mechanisms implicated in inner cells releasing could be responsible of phagosome permeabilization.
Overall, these findings highlight the importance of cell-cell interactions in TB pathogenesis. Local inflammation, the immune response and bacterial state all contribute to the fate of a granuloma. Therefore, there are multiple pathways that can be manipulated to either control infection or promote bacterial dissemination. CASP11/Caspa-dependent pyroptosis increases bacterial survival and dissemination, not only allowing the bacteria to grow in the extracellular space but also increasing infection of new cells. We propose a central role for CASP11/Caspa in regulating bacterial phagosome degradation as well as mediating mycobacterial escape from cellin-cell structures in granulomas. Based on these results, human CASP4/5 might be a valuable biomarker for monitoring TB therapy and its role during infection should be taken into account for the design of new therapeutic interventions.
EXPERIMENTAL PROCEDURES
Zebrafish husbandry and infections
Zebrafish (Danio rerio) were handled in compliance with the directives of the local animal welfare committee of Leiden University (License number: 10612) and maintained according to the standard guidelines from the Zebrafish Model Organism Database (http://zfin.org). All protocols adhered to the international guidelines specified by the EU Animal Protection Directive 2010/63/EU. All zebrafish experiments were done on embryos or larvae up to 5 days post fertilization (hpf), which have not yet reached the free-feeding stage. Embryos were grown at 28.5ºC and kept under anesthesia with egg water containing 0.02% buffered 3-aminobenzoic acid ethyl ester (Tricaine, Sigma) during bacterial injections, imaging and fixation. The following zebrafish lines were used in this study: AB/TL, Tg(mpeg1.1:mCherryF), Tg(asc:asc-EGFP) (Kuri et al., 2017) and the mutant line caspa hdb11 (Kuri et al., 2017) .
Mycobacterium marinum (Mmar), M and ΔRD1 strain, expressing mWasabi, mCherry or mCrimson, preparations were injected into 30 hpf zebrafish embryos via blood island injection following previously described methods (Benard et al., 2012) . A total of 300 cfu of Mmar in a volume of 1nl were injected per embryo in all experiments performed in this study.
Morpholino oligonucleotides
Morpholino oligonucleotides (MO) were designed and synthesized by Gene Tools (Philomath, OR). Previously validated MO were used in this work: IL1b i2e3 (0,5 mM): 5´-CCCACAAACTGCAAAATATCAGCTT-3´ (Ogryzko et al., 2014) , ASC atg (0,6 mM): 5´-GCTGCTCCTTGAAAGATTCCGCCAT-3´ (Kuri et al., 2017) , CASPa atg (0,6 mM): 5´-GCCATGTTTAGCTCAGGGCGCTGAC-3´ (Masumoto et al., 2003) . New MO were validated during this research: GSDMEb e2i2 (0,7 mM): 5´-TCATGCTCATGCTAGTCAGGGAGG-3´, CASPb e2i2 (0,5 mM): 5´-AATCAAAATACTTGCATCGTCTCCG-3´. This Mo were validated by PCR using the following primers: Caspb ex1 F: 5´-ATGGAGGATATTACCCAGCT-3´, Caspb ex7 R: 5´-TCACAGTCCAGGAAACAGGT-3´, GSDMEb ex1 F: 5´-CAAGCGTAACCGATACTGGT-3´, GSDMEb ex5 R: 5´-AATCCACCTTTGACTGCTGG-3´. Morpholinos were diluted in sterile water with 1% phenol red sodium salt solution (Sigma) and 1 nl of the above mentioned final concentration was injected into the cell of 1 cell-stage embryos.
Cell Culture and infections
The mouse macrophage-like cell line Raw264.7 was a gift from Dr. Sander van Kasteren. Cells were maintained in 50% Dulbecco´s modified Eagle´s medium (DMEM) and 50% F12 medium with 10% fetal calf serum, at 32ºC under a humidified atmosphere of 94% air and 6% CO2.
For WB experiments cells were seeded in 6-well plates (Greiner) at a density of 2·10 6 cells/well the day before the infection. Cells were infected at a MOI of 10 for 2 hours at 32ºC. The extracellular bacteria was washed twice with PBS and removed. Cells were further incubated at 32ºC for 14 hours. For cell death assays (Sytox Green uptake) cells were seeded in µ-Slide 8 well glass bottom (IBIDI) at a density of 1·10 5 cells/well and infections were performed for 6 hours. LDH assay was performed 16 hours after infection using 5·10 4 cells following manufacturer instructions (Pierce LDH Cytotoxicity Assay Kit, Thermo Scientific).
For coating experiments 100 ul of a 100 cfu/nl bacterial suspension was incubated for 2 hours in 1mg/ml solution of Ec O111:B4 LPS (Sigma), Mmar M gDNA, Ec K112 gDNA (InvivoGen), or ODN2395 (InvivoGen) previously cell infection. After profusely washed the bacterial suspensions cells were infected. A bacterial suspension sample was taken to perform a staining using SytoxGreen and visualize the coating efficiency. Mmar gDNA was isolated and endotoxin-cleaned using established protocols (Ma et al 2012; Kumar et al., 2016) .
mRNA synthesis
For caspa, caspb, Casp1 and Casp11 retrotranscription we used mMessage mMachine T7 Ultra (Invitrogen) following kit instructions. Genes were amplified using specific primers: T7 Caspa F: 5´-taatacgactcactatagggagagaatggccaaatctatcaagga-3´, Caspa R: 5´-tcagagtccggggaacagg-3´, T7 Caspb F: 5´taatacgactcactatagggagaatggaggatattacccagct-3´, Caspb R: 5´-tcacagtccaggaaacaggta-3´, T1 Casp1 F: 5´-taatacgactcactatagggagaatggctgacaagatcctgag-3´, Casp1 R: 5´ttaatgtcccgggaagaggt-3´, T7 Casp11 F:5´taatacgactcactatagggagaatggctgaaaacaaacaccct-3´, Casp11 R: 5´-tgagttgccaggaaagaggt-3´. For overexpression experiments, 150 pg of mRNA were microinjected into the cell of a 1-cell stage zebrafish egg.
Western Blotting
Cells were lysed in 1x RIPA buffer (Cell Signaling) with protease inhibitors (Roche), resolved on a 12.5% SDS-PAGE precast gel (BioRad) and transferred onto a 0.2 um PVDF membrane (BioRad). The membrane was blocked with 5% v/v milk in TBS buffer at room temperature for 2 h. The immunodetection was conducted by incubating the membrane with the anti-Casp11 antibodies (1:1000, Abcam), anti-GSDMD (1:1000, Abcam), anti-Actin (1:1000, Cell Signaling) for 12 h at 4° C under slow stirring. The membrane was then incubated with the secondary antibody conjugated to horseradish peroxidase (1:1000) for 2 h at RT. Target proteins were visualized by chemiluminiscence using the Clarity Western ECL Substrate (BioRad).
Sytox Green cell uptake
Impermeable Sytox Green Nucleic Acid Stain (ThermoFisher Scientific) was used at a final concentration of 5 µM to quantify cell death in Raw264.7 macrophages.
FLICA staining
FAM-YVAD-FMK or 660-YVAD-FMK FLICA Caspase-1 Assay Kits (ImmunoChemistry Technologies) were used for zebrafish Caspa detection. The probe was diluted in egg water (1:200) and larvae were incubated during 1´5 hours at 28ºC. Larvae were profusely washed in egg water before in vivo imaging.
Mmar culture DNA staining
Bacterial cultures were incubated O/N in a 5 µM solution of Draq5 Fluorescent Probe Solution (ThermoFisher Scientific). Bacterial suspensions were washed 3 times with PBS before the cells were infected.
TUNEL assay
PFA fixed zebrafish larvae were used in combination with the In situ Cell Death Detection Kit (TMR and Fluorescein) (Roche). After O/N fixation larvae were washed and permeabilized for 45 min at 37ºC using Proteinase K. TUNEL reactions were performed at 37ºC O/N.
Caspase-1 activity assay
Caspase-1 activity was assayed using the fluorometric substrate Z-YVAD-AFC (Santa Cruz) as described previously (Tyrkalska et al., 2016) . The fluorescence was measured in a Infinite M1000 microplate reader (Tecan) at an excitation wavelength of 400 nm and an emission wavelength of 505 nm.
LysoTracker staining
Zebrafish larvae were immersed in egg water containing 10 µM LysoTracker Red DND-99 solution (ThermoFisher Scientific) for 1 hour. Before mounting and imaging larvae were washed 3 times with egg water.
Lentiviral shRNA generation
shRNA's were acquired from the Mission library (Sigma, Zwijndrecht, the Netherlands) and were kindly provided by (dept. of Virus and Stem Cell Biology, LUMC, Leiden). For each gene 3 clones were selected for subsequent selection of the 2 most potent knock-downs for each gene.
Low passage (between 4 and 12) Hek293T cells (ATCC, USA) were seeded to 30% confluency in a 75cm 2 culture vessel one day prior to transfection. For the assembly of lentiviral particles co-transfection of virulence and packaging vectors (pMD2.G (Addgene no. #12259) and psPAX (Addgene no. #12260)) with final concentrations of 0,72 pmol, 1,3pmol and 1,64pmol for virulence, packaging and shRNA plasmids respectively. Plasmids and liposomal transfectant lipoD293 (Signagen, Rockville, USA) were mixed in separate 500µL volumes of DMEM-F12 without fetal calf serum (FCS; Gibco, Landsmeer, The Netherlands), with a final concentration of lipoD293 was 3% (v/v). The separate volumes were thoroughly mixed and allowed to complex for 30 min. The liposomal complex was added drop wise to the medium of the HEK293T cells, where after the cells were incubated for 24 h to allow for efficient transfection.
After 24 hours the medium was replaced with 20 ml and the culture was incubated for 3 days. Viral particles were harvested through subsequent collection of the culture supernatant and were purified through filtration over a 0,2µm low protein binding PES membrane filter (Millex, Amsterdam, The Netherlands). Lentiviral supernatant was aliquoted and kept at -80°C prior to use. Lentiviral titer was determined using the Lentivirus-Associated p24 ELISA Kit (Cell biolabs, San Diego, USA) as per the supplier instructions. Raw264.7 macrophage cultures (ATCC) were maintained in DMEM-F12 containing 10% FCS, and were cultured up to passage 15. Low passage Raw264.7 cells were seeded to 20% confluency in 25cm 2 culture vessels and were left to adhere overnight, the cells were subsequently transduced with 4 multiplicity of infection (MOI) scrambled control shRNA containing lentiviral particles or 4 MOI of targeting shRNA containing viral particles in medium supplemented with 8 µg/ml DEAE-dextran (Sigma). Medium was exchanged after 24 hours and puromycin (Gibco) selection (1,5µg/ml) was started 48 hours post transfection. After two passages (one week) under puromycin selection the remaining resistant clones were assessed for knock down efficacy. Knock down efficacy was assessed by qPCR using the following primers: GSDMD F: 5´-catcggcctttgagaaagtg-3´, GSDMD R: 5´-tcctgttcagaaggcagtag-3´, CASP11 F: 5´-tggaagctgatgctgtcaag-3´, CASP11 R: 5´-agcctcctgttttgtctgc-3´, GAPDH F: 5´-atggtgaaggtcggtgtga-3´, GAPDH R: 5´-ctggaacatgtagaccatgt-3´-
Microscopy
Zebrafish larvae were imaged using a MZ16FA stereo fluorescence microscopy with DFC420C camera (Leica). Confocal z-tacks of zebrafish larvae and cell cultures were obtained on a TCS SP8 (Leica) using a 40x oil-immersion objective (NA 1.30) . Images were processed and quantified using QuantiFish (http://doi.org/10.5281/zenodo.1182791) for stereo images or Fiji (Schindelin et al., 2012) for confocal images.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6 program (GraphPad Software). Comparisons between two groups were done using Mann-Whitney test. For analyzing differences between multiple groups ordinary one-way ANOVA + Tukey´s multiple comparisons test was used. Statistical significance was defined as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
